Introduction
Power storage is the most important element of power grid to overcome the restriction of simultaneous power balancing. With an increase of installation of the renewable energy sources, power storage should inevitably absorb the fluctuation. Power storage has advantages as a large capacity and a quick response [1] . The large capacity is necessary for applications like load leveling, and the quick response is necessary for applications like compensating sag and smoothing of the output of renewable sources. Among the possible storage systems, a Redox Flow Battery (RFB) has a feature of scalability [2, 3] . The feature is beneficial when installing the RFB in a various capacities of power grid. The feasibility of a Vanadium RFB for the load leveling was studied in Ohio [4] . A Vanadium RFB was applied for the compensating of the momentum voltage sag in a semiconductor factory in Japan [5] . A Vanadium RFB was tested for smoothing the output of the wind farm at Hokkaido, Japan [6, 5] .
An analysis on transient behaviors of an RFB is a key issue for the applications. Transient behaviors of the RFB deeply depend on the chemical reaction and the flow of the electrolyte. However, the dynamics of the transient behaviors contain mixed times scale transient dynamics. Moreover, if an RFB is connected to power grid, it will include the electric circuit restriction. And previous analysis of RFB is still far from the practical operation.
An ODE model [7] is one of the more helpful tools to analyze the transient behavior. Researchers have developed several kinds of models such as empirical models, equivalent models, and ODE models to analyze transient behaviors of an RFB [8] . In [7] , an ODE model is proposed mainly based on chemical kinetics. This model represents change in a concentration of ions governing transient behaviors of the RFB. This model enables us to consider the chemical reaction, the flow of electrolyte, and the electric circuit restriction. The authors simulates electromotive force (EMF) at charging/discharging operation under constant current. The simulation results were confirmed by comparing to the experimental results in a constant current setting. The result showed that the model was valid.
We use the model suggested in [7] and research transient behaviors of a Vanadium RFB in a response to a load variation, and consider the dynamical mechanism of the transient behaviors. In the research, the transient behaviors shows a non linearity.
Current at transient due to load variation
This chapter discusses, transient behaviors of the RFB in a response to a load variation using the model based on chemical kinetics [7] . After introducing the model, the setting of simulation is explained. Here are found three types of transient behaviors in the simulations.
Model equation
A model of the micro RFB was introduced based on chemical kinetics [7] . The model represents a change in concentration of ions and EMF. Table 1 shows the nomenclature. 
A change in concentration of ions is modeled by considering the reductionoxidation reaction and the electrolyte flow. Figure. 1 illustrates the scheme of the Vanadium RFB. The RFB mainly consists of a cell unit and a tank [3] . In the cell, the chemical energy is converted to electrical energy by reduction-oxidation reaction. The reaction is represented as following Eqs. (1a) and (1b) [9] . 
The concentration of VO 2 + or V 2+ at the cell governs the reaction. In the tank, the chemical energy is stored as a form of ion substantial. The electrolyte circulates between the cell and the tanks by pumps. The circulation makes a flow in the cell to supply the concentration of ions for the continuous reaction described by Eqs. (1a) and (1b). Here we set following assumptions,
• Chemical kinetics is restricted by the current in the external circuit.
• The electrolyte keeps the consistency of ions.
• The time delay of circulation of electrolyte is negligible.
• The concentration of ions (V 2+ ) in the negative half cell is equal to the concentration of ions (VO 2+ ) in the positive half cell.
When the RFB is charging/discharging, i is positive/negative respectively. The model of the EMF is derived based on Nersnst's equation [10] . Nersnst's equation gives the equilibrium potential of the battery. And from an experiments in [11] , the change in the concentration of H + is also small enough to be ignored. Then, the model of the EMF is derived as following.
Simulation setting
Here explains the setting of the simulation. Figure. 2 shows the target system of the simulation. At t = 0 s, the switch turns on and the load is forced to a 
By using Eqs. (2) and (5), the following equation is derived.
Equations. (4)-(6) enable to simulate the transient behaviors of the RFB in this setting. Table 2 shows the parameters of the RFB. The initial condition of the Table 2 : Parameters of RFB connected to circuit (ref. [7] ).
Parameter Value Unit
simulation is determined by putting assumptions as followings.
In this simulation, forth-order Runge-Kutta method [12] is adopted to solve the ODE. The step size is fixed at h = 0.001 s.
Result of simulation
In this section, first, the results of the simulation is explained and the transient behaviors are grouped into three types. Second, the consumption of the ions in the tank is examined in rate with comparing the transient behaviors of current. The simulation reveals that the current depends on the flow rate and behaves by different mechanics. Figure. show sharp drops and the discharging simultaneously stops at the drops. We call the mode Case1. On the other hand, at W = 0.200 L min −1 , the current and the EMF show gradual decreases and discharges slowly. The discharging times is long. We call the mode Case2. At W = 0.100 L min −1 , the current and the EMF show an oscillation. It is called Case3. The transient behaviors due to other initial conditions are also categorized to the Case1, 2, and 3. There seems to be critical states in Fig. 3 . The difference of the transient behaviors among the cases is corresponds to the consumption rate of ions in the tank. As showed in Fig. 3(c) , almost all the ions in the tank are not consumed at W = 0.050 . It suggests that the transient behaviors are allocated to the consumption rate of the ion in the tank.
In order to confirm the assumption, the consumption rate of the ions in the tank is calculated for W = 0.001 L min −1 -0.200 L min −1 and c c0 = 0.01 mol L −1 -1.00 mol L −1 . The consumption rate is defined as following.
Here, c tf denotes the concentration of ions in the tank at the time when the discharging has finished. The results are showed in Fig. 4 (a). As showed in the figure, a line divides the graph into two regions. The region above the line represents the complete consumption of ions in the tank, and the below represents the remaining of ions until the end of discharging. Transient behaviors of current are simulated under conditions A1-4 as showed in Fig. 4(b) . When the conditions are set at A1 and A4, the current behaves as classified in Case2. When the conditions are set at A2 and A3, the current behaves as classified in Case1. Transient behaviors of current are also simulated under conditions L1-12 as showed in Fig. 4(c) . When the conditions are set at L1-12, the current behaves as classified in Case3. Figure. 4 shows that the transient behaviors are actually correspond to the consumption of the ions in the tank.
Dynamical mechanism of transient behaviors
There seems to exist a mechanism which governs the transient behaviors to lead them into three types. In this chapter, we are going to focus on a dynamical mechanism of the transient behaviors. A dynamical mechanism of the three types of the transient behaviors is discussed with a dimensionless model in this chapter. The following discussions are from the view point of local dynamics around fixed point and global phase structures.
Analysis around a fixed point
The target system is modeled by following Eqs. (8a)-(8c). 
Where the parameters β, γ, δ, and ε are given by Eq. (10).
From dx/dτ = 0 (x = [x 1 x 2 x 3 ] T ), the system has only one fixed point x * = [3.51 × 10 −12 0 0] T . The local stability is analyzed with eigen values of a linearlized model of Eqs. (8a)-(8c) [13] . The linearization around x * is described by Eq. (11) .
Here, ∆x is x − x * . The matrix associated with the linearized model is given as following Eq. (12) .
Where f (x) is given by Eq. (13) . Table 3 shows eigen values of A for W = 0.050 L min −1 , 0.100 L min −1 , and 0.200 L min −1 . For these three parameters, the real part of eigen values are negative. Then, the fixed point x * is locally stable, for these W . The stability implies the convergence of the solutions in the neighborhoods of the fixed point.
On the other hand, the dynamics apart from the fixed point is governed by the vector flow of global phase structure. Figure. 5 illustrates the trajectory solutions categorized Case1-3. Figures. 5(a)-(d) show trajectories of the solutions 
Global phase structure
This section discusses a part of the global phase structure of the solutions and the vector field. The global phase structure is magnified at small scale for visualizing the vector field. The approach is based on the knowledge of fastslow system [14] . As the figures show, the trajectories converge to the nulkline dx 1 /dτ = 0. From the vector field, it is found that the system is fast-slow sys-tem. But the system can not be divided into slow-subsystem and fast-subsystem clearly.
The mechanism of the oscillations can be discussed by linearization with taking a plane perpendicular to a slow variable. x 1 is one of the slow variables. The values of x 1 are swapped in f (x) from x 1 =0.0000010 to x 1 =0.005. And the eigen values on each planes are shown in Figs. 7(a) and 7(b) . In the figures, all of the eigen values are located on complex plane with Re[λ i ]<0 (i = 1, 2, 3). Then, a bifurcation appears at x 1 =5.72 × 10 −4 . As shown in x 1 > 5.72 × 10 −4 , the eigen values become real. It implies that there does not appear any oscillatory transient behaviors in x 1 > 5.72×10 −4 . And λ 1 and λ 2 come close to each other as x 1 decreases. At x 1 = 5.72 × 10 −4 they conjoint. After the conjoint by x 1 decreasing, for x 1 < 5.72 × 10 −4 , λ 1 and λ 2 apart with imaginary parts, and the values increase as x 1 decreases. This clearly shows the appearance of oscillation in x 1 < 5.72×10 −4 . Figure. 
Conclusion
We discussed the transient behaviors of the RFB in a response to a load variation, and we found the dynamical mechanism of the transient behaviors. Results are summarized as followings.
1. Three types of transient behaviors appear and one of them causes oscillations. The transient behaviors depend on the value of flow rate and the initial value of the concentration of ions.
2. The global phase structure determines the transient behaviors. From the global phase structure, it is clarified that the behaviors are limited by electrical circuit restriction due to the value of a parameter which corresponding to time scale ratio of current to the changing ratio in concentration of ions. It is also clarified that a necessary condition for occurrence of the oscillations are governed by the low concentration of ions.
The results show that several kinds of phenomena appear in transient behaviors of single RFB, when the RFB is connected to power grid. According to flow rates or initial values of concentration of ions, the discharging of the RFB stops before it consumes the all of ions. On the other hand, there are conditions which arise oscillations. In the worst case, it may cause resonances with external systems. To avoid these anomalous phenomena, a control method of multi layer must be developed with considering chemical, fluid dynamics, and electrical circuit restriction.
The transient behaviors in the wide range are based on the global dynamics, so that the control method must pay attention to the mechanism. However, the whole dynamical structure has not been figured out through the simulations. This paper brought us an interesting dynamical behavior with a difficulty of a mixed time scale system because of the global phase structure along the slowest variable.
